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CHAPTER 2. FUNDAMENTALS OF IMAGING

Prob. 2.1 What is unusual about vertebrate photorceeptors, compared with most sensory recep-
tors?

Answer (Prob. 2.1) — Iu a vertehrate photoreceptor, it is the absence of o sigual that indicates the
absorption of a photon. This hoelavior is i contrast. with invertebrate photoreceptors, as well as other
sensory receplors. in which a signal is emilled (o indicate the sensalion ol a stimulus,

Prob. 2.2 — Explain the purpose of an iuverted retiug in the moan eyeball. Give two additional
reasons why Lhe inverted retina does not cause significant disiortion in (he image.

Answer (Prob. 2.2) — The inverted reting allows the photoreeeptors to be replenished by the RPE.
whicls is upague. The verted veting does 1ot canse significaut distortion bhecause the additional cells
tlrongh whicly the Tight passes arve, for (he wosl part, Lransparent. and becanse i the lovea (lie elongaled
cones bypass 1hese addilional cells, so that light [alls directly on the cones in the [nvea.

Prob. 2.3 List theeo pacts of the hintan eyeball thal celract light,

Answer (Prob. 2.3) — Together, the cornes, agueons nor, aud lens ace cesponsible for loensing
light.

Prob. 2.4 — What are the sactual mwanes of the three types of cones, whiel ave colloguially ealled

red, green, and bhlue?

Answer (Prob. 2.4) — The red, green, and blue cones are more aceurately called T-. M-, and S-
type cones. respectively, for the long, medivm, and short wavelengths of light to which they are most
sensilive,

Prob. 2.5 — Detine horopser.

Answer (Prob. 2.5) — The horopter is the locus of points in the world that yicld zero disparity, For
idealized spheroidal human eyeballs, the horopter is the Vieth=-Miller cirele, whereas for rectificd planar
sensors, the horopter is at finity,

Prob. 2.6 Explain whal is meant. by [oveated vision.

Answer (Prob. 2.6) — Foveuted vision refors to the fact that some parts of the scene receive Ligher
resulution by the sensor than other parts, In the humasu eye, for example, those near the optical axis
are sensedl with higher fidelily (han those ai Lhe periphery.

Prob. 2.7 — How do we know that the original signal captured by the vods is compressed by subsc-
quent cells before leaving 1he eyeball?

Answer (Prob. 2.7) — Since the information travels Trom the rods o the gauglion cells, bae there
are more ganglion cells than rods. (here must be a compression of informalion.

Prob. 2.8 — True or false: Your right, eve is wapped 1o the loft hall of your braig, while yous Lol
eve 18 mapped o the right hall of your brain.

Answer (Prob. 2.8) — Falsc. In reality. the right Lalf of your visual ficld is mapped to the left half
of vour braiu, while the left Lnlf of your visual field s wapped to the right Lalf of yonr hran.

Prob. 2.9 Match each term on the left with with the lighting condition on Lthe right.
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CHAPTER 2. FUNDAMENTALS OF IMAGING

scotopic vision sunlight
phiotopic vision moonliglt
mesopic vision starlighy

Answer (Prob. 2.9) — Scotopic vision <+ woonlighl, photopic visiow < sunlight, aod wesopie vision
<+ slarlight .,

Prob. 2.10 — Cones do not work in the dack, beeanse They are not sensitive enonglh,. What abwont,
the converse: Do rods produce meaning{il signals in everyeay well-lit. conditions? Why or why not?

Answer (Prob. 2.10) — In everyduy well-lit envirommnents, the rods are saturated and therefore do
uot provide weaningful wforiustion.

Prob. 2.11 — Draw & labeled diagram of the human visnal svetem, including al least len parls
indicated in bold in the texi.

Answer (Prob. 2.11) — Auswers may vary.

Prob. 2.12 — Why would it he rempting to corclude that short [blue) wavelengthis are less huportant
to (e Tnan visnal svstein? Why is this conelnsion Galse?

Answer (Prob. 2.12) — There ave fewer S-type cones on the reting than L= or M-type cones. Nev-
ertheless, S-type cones are more seusitive to light than the other types, so that hunans are able to
distinguisl hetween short wavelengths as well as other wavelengrhis,

Prob. 2.13 — Suppose 1he [ollowing pairs of niumbers indicate the lnminances of the left and right
halves ol & piece of paper (ignore units): 100/101, 200 201. 300/301, 150/160, 250,260, 350/3G0. Which
can he discerned?

Answer (Prob. 2.13) — 150/164, 250/260, and 350/360 can all can be discerned sinee their normal-
ized dillerence is grealer than 001 (197). That is, (160 — 150} /150 = 0L06T, {260 — 250)/25%) = (.04,
ane (360 — 350) 350 = 0.029. 100/101 can also be discerned, sinee (101-100) /100 = 0.01, althongh it is
close to the threshold. By similar reasoning, 200/201 and 300,301 cannot be discerned.

Prob. 2.14 — What is a receptive ficld?

Answer (Prob. 2.14) — The visual veeeptive ficld of a neuron is the retival arca in which light
influences the neuron’s responsce.

Prob. 2.15 — Which cells in the visnal parthway transform the <ignal similar to the Laplacian of
Gaussian (LoG)?

Anpswer (Prob. 2.15) — Ganglion celis provide o center-surround respouse similar to the LoG.
Prob. 2.16 — The axous of which cells courprise the optic verve?

Answer (Prob. 2,16) — 'L'he optic nerve is formed from the axons of the gauglion cells,
Prob. 2.17 — Whau is unique about. the lobrier eve?

Answer (Prob. 2.17) — The lobster eye Tas no lens but instead focuses by refraction using an array
ol reflective murror=lined fabes,

Prob. 2.18 — Tre or false: The speod of light is constant no wntter what anedinm i s passing
throngh.
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CHAPTER 2. FUNDAMENTALS OF IMAGING

Answer (Prob. 2.18) — False. The speed of light depends upon the wedin through which it passes.
which is what enables a lens 1o [ocis incoming rays of light.

Prob. 2.19 — Which has a longer wavelength, red light or blue light ?
Answer (Prob. 2.19) — Red has a longer wavelength than blue.

Prob. 2.20 — Supposc a lens is mwade of o high index plastic whose index of refraction is 1.74 Tf the
speed of light is approximately 3+ 10% w/s in a vacuum, what is the speed of light (phase velovity) as
it passes throngh the lens?

Answer (Prob. 2.20) — The index of refraction of the plastic is n = \/Z = 1.74. and rhe speed of

light. in a vacuun is 7(%;-;; — 3 10% /s Sinee the material is noemelallic, @ = . so the speed of
— 307

light throngh the plastic is given by iz = 2 = ﬁ = S = L72 m/s.

Prob. 2.21 — What is the plenopric funetion?

Answer (Prob. 2.21) — The plenoptic function models all the possble iinages that could be taken
by a camera if it were placed ot any possible position and orientation within a scenc,

Prob, 2.22 — Describe |he essential elemenis of a pinhole camera,

Answer (Prob. 2.22) — A pinhole camera consists of a center of projection and an imaging surface,
which is typically a pline.

Prob. 2.23 — What arc the wavelengths of visible light?

Answer (Prob. 2.23) — T'he wavelengths of visible light range from approximarely 330 nm to ap-
proximately 720 nm.

Prob. 2.24 — Which has o longer wavelength, radio waves or X-rays? Which is more dangerons. duld
why?

Answer (Prob. 2.24) — Radin waves have a longer wavelength than X-rays. X-rays are more dan-
garons, becanse the amonar of energy is proportional to the frequency, and the frequency is inversely
proportional to the wavelength. Uherefore. Xerays coutain more cncrgy than radio waves.

Prob. 2.25 — You are sitting an a stoplighr listening to 102.1 FM on yonr eld-fashioned radio, getting
a weak signal, You wish to roll the car to hmprove the signal.  How far wust you roll to move a
wavelength? What is the ratio of this wavelength to that of green light?

Answer (Prob. 2.25) — The waveifngr.h of the radio station signal is A = £ = I.T}'—:l"‘,;,'/;rl = 2.94 m.
'L herefore, if you roll vour call approximarely 1.5 m in cither dircetion, vou should expeet a noticcable
chiange in the signal reccived. Since wreen light has a wavelength of approximately 555 mo, the ratio is

s = M- 107 or about 5 willion.

Prob. 2.26 — Is scaled orthographic projection more appropriate for o zoom lens or o fisheve lens?
Explain vour answer.

Answer (Prob. 2.26) — Sraled orthographic projection is a more valid approximation for a zoom
lens, since & zoom lens ensures that all light rays are close to the optical axis and traveling in approxi-
warely paraliel lines.
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Answer (Prob. 2.36) — The values U througl 13, kuown as the footroow, are used to prevent elip-
ping in case the ontpiut of a filler is ontside (he original range of pixel values.

Prob. 2.27 Suppose we have a symmeiric thin lens composed of two sections of a sphere glied
together, where the radii of both sides are equal. Explain why (;"- — r%) in Fguation (2.5) is not cqual
to zero.

Answer (ﬁroi). 557) — Even r‘fnmxfg'h the two radii are equal. the sign convention nsed in the formnla
eqpually e all direciions, Albedo o8 Lhe average velleclion coellicient ol a sivlace. A piece ol cloth 1=
CANSOS Ty — T > : ; A

s 1 vaeer o peing Lambertian (han a shiny piece of mefal,

Prob. 2.28 — Apply the nonlinear transfer function from both Ree, 709 and sRGB in Equations (2.22)
and (2.23] to the values L = 0.2, 0.4, 0.6, and 0.8, Compute the difference for cach value as o percentage
of the answer for Ree. 700,

Answer (Prob. 2.28) — The unswers are shown in the following table:
L | Prom( L) | PenuollL) l o | 1006 /¢7ua(L)

0.2 ] 0.131 0.184 0.051 1L.7%
0.1 | 0.629 01.665 0.036 n.R%
06 | 077 0.708 0.023 3.0%
O | 0.895 0.906 0011 1.5%

Prob. 2.29 — Will gamma eompression berome obsolete now that CRL displays are absolete? Why
or why not?

Answer (Prob. 2.29) — Gamma compression will not. hecome ohsolete, becanse it is fiundamentally
tied ro the fact that human visnal perceprion of light is nonlinear.

Prob. 2.30 — Specify the two seetions of the modificd gamma fuuction with exponent 4 = 0.5 and
threshold == 0.1,

Answer (Prob. 2.30) — From Equations (2,20) and (2.21). m = LX781 and ¢ = 0.1%75,
Prob. 2.31 — [Explain the idea of effective gamtna,

Answer (Prob. 2.31) — The effective gannua is the exponent that best approxiwates the nonlinear
transfor function.

Prob. 2.32 — What is the name of the mosr popular eolor filter array (CFA)?

Answer (Prob. 2.32) — The Bayer filter is the most popnlar color filter array.

Prob. 2.33 — Explain the difference between a field and a frame of viden,

Answer (Prob. 2.33) — A frane of video i simply an image. Tn the old days of intarlaced analog

video, cach frone consisted of an odd ficld (all the pixel data on the odd rows) and anoeven field (all
the pixel data on the even rows),

Prob. 2.34 — FList somc similarities and differences between CCD and CMOS sensors,

Answer (Prob. 2.34) — CM(O)S scnsors are smaller. lighter. cheaper, less expensive, more flexible,
and cousmne less power than CCD sensors, 'They both use photodiodes to convert phiotons to electricity.

Prob. 2.35 — IIow much is & CMOS scusor affected by bloomning?
Answer (Prob. 2.35) — CMOUS sensors are not affected by blooming,

Prob. 2.36 — Why does black have the value 16 and not O in a digital imaee?



CHAP'TER 2. FUNDAMENTALS OF IMAGING

10
© 2028, {:eR¢acq Feanting®@. May not be'scanned, copied;on duplicatedi ot posted; tola pablicl aocessible \wehsite, ipwhale orin part.

ping in case the outpnt of a [iller is ontside Lhe original range of pixel values.

Prob. 2.37 — Explain what is mcant by a Lambertion surface, What is albedo? Which is more
likely to he Lamnbertiang o picee of eloth or s shiny pieee of metal?

Answer (Prob. 2.37) — A Lambertion surface is an idealized warte surface that reflects huninauce
equally iu all directions, Albedo is the average velleclion coellicient of a sivlice. A piece of cloth is
mich cloger (o being Lambertian (han a shiny piece of mefal.
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Answer (Prob. 2.36) — The values 0 througl 13, kuown as the footroow, are used to prevent elip-
ping in case the ontput of a filler is ontside (he original range of pixel values.

Prob. 2.37 — Explain what is mcant by a Lambertion surface, What is albedo? Which is more
likely to be Lambertiang o picee of eloth or a shiny piece of metal?

Answer (Prob. 2.37) — A Lambertion surface is an idealized warte surface that reflects huninauce
eqqualdly i adl directions, Albedo is Lhe average rellection coellicient ol a siclice. A piece of cloth is
mich cloger (o being Lambertian (han a shiny piece of mefal.

Prob. 2.38 — Which radiotctric quantity is appropriate for a ray of light? What is the corresponding
pholometric quantily?

Answer (Prob. 2.38) — Radiauce aud hunivance ave the adioweinie and photowelvie quantities.
respectively. that do nol vary along a ray of light and are lherefore appropriate measures of |he ray.

Prob. 2,39 — [xplain why a thermal iofrared camers is able to measure the beat cisnating from
people and auimals,

Answer (Prob. 2.39) — The wotions of waoleenles iu the hodies of people aud anials doe to theral
energy cause infrared wavelengihs of light 10 be emitied, which can then be sensed by a thermal infrared

camera.

Prob. 2.40 — Supposce I a standing on the shore looking at « body of water, If the water has an
idex of refraction of 1.33. at what augle will Texpericuee total mternal reection’” How does the answier
change il I am underwaler looking up? In both cases express Lhe angle wilh respect to Lhe vertical axis.

Answer (Prob. 2.40) — If T s standing on the shore, tomal internal reflection is not possible, he-
canse the index of refraction of air is less than that of water. However, if I am underwater lonking up.
the angle is given by using Snell’s law ol relraction, Equation (2.30), and setling the (ransmilled angle
to M=

g — 1 L33

sin 4.
or fl; = arcsin(1/1.33) = 48.75°.

Prob. 2.41 — A lighr field, which is 4D, can be represented as a 2D array of tinv 2D images. Indeed,
this is rhe representation nsed by a lighr field eamera. Explain how a 2D array of microlenses placed in
front of the image seusor wight be able to acconplish this.

Answer (Prob. 2.41) — Each microlens canses a small image of the seene to be captured in a portion
of the sensor, Since cach of these imges is captured fron aslightly diffcrent diveetion, the representation
is that of u light ficld.

Prob. 2.42 — Mashematically show the two sufficient conditions for scaled orthographic projection
to closely approximate perspective projection. (int: Show from Fouations (2.1)—{2.2) that bounding

! ;{%—é— ~ ? where ¥ = 2z + 4., and € is

the cxror |f2m — f2e) < ¢ for some nowival depth 2 implics =

a constant. Then interpret the result in terms of the two suthicicnt conditions. )

Answer (Prob. 2.42) — Under perspective projection. a point al location (X, Y. Z) in the world will
he imaged at localion ([ é f ‘7) in the image plane, where [ is the [ocal lenglh of the camera. If we
assnme |hat the ohject is al & nominal (i.e., approximate) depth Z,. then sealed orthographic projection
will project the same point to location (f 2‘;—, f ;l,—- ), where g; is the seale facror.
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CHAPTER 2. FUNDAMENTALS OF IMAGING

Answer (Prob. 2.36) — The values U througl 13, kuown as the footroow, are used to prevent elip-
ping in case the ontput of a filler is ontside (he original range of pixel values.

The etror in the r-direction resnlting from the sealed orthographic projection approximation is given
hv

X X
%l
Thus, in order to bound the error by a certain amount ¢, we must have

X X

zZ Zy

*

=,
I

Now let’s assume that 7 = 7 | Ay, That is, Ay is the difference between the actual depth and the

nominal depthe Then,

1 1
Zo+8y 7
=X
Zo(Zp+Ay)
i Azl

Zo o+ Ay

X

| A

Sl m Sl St

which ecan be approximated by
P, 4 |Az| % C

el s 2" oo 2.31
Zy Ly f ( )
il Az < Z,. Similarly. the error in the y-direction will be bounded by ¢ il

Yiazl ¢ (2.32)

Combining the two cquations vields

— < - (2.33)
where R = vV XZ + Y72 is the distance from the point to the optical axis. Therefore. we sce that two
couditions are snificient (bl not necessary) in order for the error (o be bounded:

o R < g, ur
°|Az| = Zy

These conditions state that the image of the object will be well approximated by scaled orthographic
projection if no point on the object is far o the optical axis (relative to the nominal depth of the
objeet). aud/ur if the varation in depth of the object is swall (relative to the nowinal deptl of the
ohject). Notice [rom he equation above. Lhese two conditions are nol independent: Lhe smaller (he
variation in \he ohject’s depih, the [ariher it is allowed Lo be [rom Lhe oplical axis. and vice versa.
Thus, the projeclion of an infinile plane which is parallel to the image plane will be modeled well (and
indeed, perfectly) by scaled orthographic projection. Similarly, the projection of a very long cylinder
whose axis is parallel to the optical axis will be well approximated by sealed orthographic projection as
long as its maximum distance to the optical axis is small.

Prob. 2.43 — Suppose a person is standing in front of a pinhole camera so thar their face ncenpies
a certain widrh in the image. If the person moves laterally =0 that the perpendicnlar distance 1o the
cannern is waintained, does the face width in the image clange? Why or why uot?

Answer (Prob. 2.43) — 'T'he face width does not change. which can be shown using similar triangles.

Prob. 2.44 — Consider rwo thin lenses, both symmerric and made of the same material. If one lens
has twice the focal langth of the other. what is the relationship between their radii?

12



CHAP'TER 2. FUNDAMENTALS OF IMAGING

© 2018 Cengage Learning®. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.
Answer (Prob. 2.36) — The values 0 througl 13, kuown as the footroow, are used to prevent elip-
ping in case the outpnt of a [iller is ontside Lhe original range of pixel values.

Prob. 2.37 — Explain what is mcant by a Lambertion surface, What is albedo? Which is more
likely to he Lamnbertiang o picee of eloth or s shiny pieee of metal?

Answer (Prob. 2.37) — A Lambertion surface is an idealized warte surface that reflects huninauce
equally iu all directions, Albedo is the average velleclion coellicient of a sivlice. A piece of cloth is
mich cloger (o being Lambertian (han a shiny piece of mefal.
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Answer (Prob. 2.36) — The values 0 through 135, known as the footroow, are used to prevent elip-
ping in case the ontpnt of a filler is oiside he original range of pixel values.

Answer (Prob. 2.44) — If we let f and f* be the two focal lengths, ther fomn Equation (2.5),
Prob. 2.37 — Explain what is meant by a Lambertion surface, What is albedo? Which is more

likely to he Lanmnbertiang o picee of elotl ( (2) tal?
' (1) | =
>
Answer (Prob. 2.37) — A Lauberty oy 2 watte surface that reflects Tnuiance
equaldly fnoall directions, Albedo is the—  — (o 1) 1, Jicient ol a sielice. A piece of cloth is
‘ =

much cloger (o being Lambertian (han a'ouwa, geav v ars aanto ek

Since f' = 2f.

a0 r
20 —1)  "2n-1)"
or ' = 2r. Therefore, if the focal lengths are related by a factor of two, the radii are also related by a
factor of two,

Prob. 2.45 — In the case af a (hin lens. whal condition is necessary in order for a distinel ion hel ween
Ihe focal points and nodal points to be important?

Answer (Prob. 2.45) — The surronnding medinm mnst be differear on the two sides; otherwise they
coincide,

Prob. 2.46 — Suppose a camera has an f-=nmmber of 8 What is rthe aperture, expressed as a funerion
of f? What is the aperture of a camera whose light gathering ability is twice as great, also expressed
as o function of f7

Answer (Prob. 2.46) — The f-number is defined as f/d. Since f/d = 8, then d = f/8, or the
aperture of the camera is f/8. To gather twice as much light, the arca of the aperture should be twice
as large. Sinee the wrca is proportional to the square of the diameter, this means that the diamcter
mnst inerease by a factor of v 2. The aperture of such a eamera is therofore f/2/8 = f/5.7.

Prob, 2.47 — List the four types of viguetting., Under what conditions are they immportant?

Answer (Prob. 2.47) — Nauural vigonelting is only importani il the lens is not covered hy a gradualed
nentral density filter. Optical vignetring, mechanical vignetting, and pixel vignetting can be important
near the bonndaries of the image when a large apermre is used.

Prob. 2.48 — List the three ways of trausfarring ciergy. Of these, which one can travel thirough a
vacuuin?!

Answer (Prob. 2.48) — Lunergy is trausforred by conduction, convection, and radintion. Only the
latter can travel through a vacuuul.

Prob. 2,49 — What is the name of the set of equations that nnderlie all applications using electro-
magnetism?

Answer (Prob. 2.49) — All applications nsing electromagnetism are governed by Maxwell's equa~
tons,

Prob. 2.50 — Derive the homogeneous vector wave equations in Kquations (2.26)—(2.27) from Maxwell's
equations in Fauations (2.24)-{2.25). (Thnt: Tt is not necessary that yvou understand what the diver-
gence and curl operators actually do. Simply take the curl of (2.24). and apply the fact that the curl
operator is linear. You will need the vector identity V < V x F — (V- ) — V2E, and similarly for
D.)

Answer (Prob. 2,50) — Take the enrl of (2.24) and (2.25), respectively. Sinee both ditferentiation
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Answer (Prob. 2.36) — The values 0 througl 13, kuown as the footroow, are used to prevent elip-
ping in case the outpnt of a [iller is ontside Lhe original range of pixel values.

Prob. 2.37 — Explain what is mcant by a Lambertion surface, What is albedo? Which is more
likely to he Lamnbertiang o picee of eloth or s shiny pieee of metal?

Answer (Prob. 2.37) — A Lambertion surface is an idealized warte surface that reflects huninauce
equally iu all directions, Albedo is the average velleclion coellicient of a sivlice. A piece of cloth is
mich cloger (o being Lambertian (han a shiny piece of mefal.
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Answer (Prob. 2.36) — The values U througl 13, kuown as the footroow, are used to prevent elip-
ping in case the ontpnt of a filler is oiside he original range of pixel values.
and curl are linear, we can swap their order, then substitute (2.25) and (2.21), respectively, to get
Prob. 2.37 — Explain what is 13czu|t by uahuubcrt.iu.u surface, \\gmt is u,lbt.\lu'.’a.’Wlxich is wore
likely t D 3 ‘ a JE 0*E
WU x(VxE) = Vx (_‘a?) =5 (VxB)=—2 (‘ouo?)?, AT
ADSWC i F7) F)) 1] P v llill&ull’t
equaly, Vx (Vx B) = Vx ("nﬂu-ﬁt—) = Eotlo = (Vx E)= Enlln;:)—’ ("{7-’"") =~ a5 vloth is
minch chomer 1o VICRALZ BLCLIEERICL DAALLE §ABCLAE R SLEILY  JATT T UM LRECH A
Applying the identity V x V x £ = V(V - £) — V2E and recognizing that V- £ = 0 from (2.24), and
similarly for B, we have

. iPE
VE = amgs
B

V?B ujin (‘jt" .

whicll is the desived result..
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Answer (Prob. 2.36) — The values 0 througl 13, kuown as the footroow, are used to prevent elip-
ping in case the outpnt of a [iller is ontside Lhe original range of pixel values.

Prob. 2.37 — Explain what is mcant by a Lambertion surface, What is albedo? Which is more
likely to he Lamnbertiang o picee of eloth or s shiny pieee of metal?

Answer (Prob. 2.37) — A Laubertion surface i3 an idealized watte surface that reflects huuinauce
equally iu all direciions, Albedo is Lhe average relleclion coellicient ol a sielice. A piece of cloth is
mich cloger (o being Lambertian (han a shiny piece of mefal.



